In recent years anaerobic wastewater treatment has met an increasing interest. This is mainly a result of the positive energy balance of anaerobic treatment processes and the development of inexpensive, high-rate treatment systems. Various reactor types for anaerobic wastewater treatment have been developed. They are the anaerobic filter, the fluidized and expanded bed reactors, the upflow anaerobic sludge blanket (UASB) reactor, and the fixed film reactors which can be operated either as a down-or an upflow reactor. Results of studies of these reactor types have been presented by Henze and Harremoes (5), Speece (18) , and van den Berg (19) . The UASB process, as described by Lettinga and co-workers (12, 14) , so far has been the most frequently applied treatment process.
At present, full-scale plants are successfully treating a variety of wastewaters like wastewaters from sugar beets, potato processing, and corn and potato starch (17) . In conventional, completely mixed anaerobic digestors the sludge retention time is controlled by the hydraulic loading rate and the organic matter (volatile suspended solids [VSS] ) content of the primary and secondary sludge. In high-rate anaerobic wastewater treatment systems, however, sludge rnust be immobilized by some mechanism, causing the sludge retention time to be almost independent of the flow rate in the system. In UASB reactors imnmobilization is achieved by a natural mechanism, i.e., the formation of highly settleable aggregates of microorganisms. In specific cases this phenomenon can be indicated as granulation, viz. when the aggregates are growing in the form of the distinct granules (7, 8, 9) . These granules frequently are high in VSS content (up to 90%), show a high specific activity (2.2 kg of CH4 chemical oxygen demand [COD] VSS-1 day-' at 30°C), and are 1 to 5 mm in size (8) . The predominant organism in the granules, which develop in UASB reactors in which a volatile fatty acids-containing wastewater is being treated, appears to be a bacterium resembling Methanothrix soehn-genii, an acetoclactic methanogen described previously by Huser (10 During the start-up of a UASB reactor a selective washout of dispersed growing sludge is considered to be essential in the granulation process (7, 9) . As a result of washout, only bacteria which grow in the heavier particles remain in the reactor. Occasionally, the washout of biomass may be fairly high, leading to undesirable prolonged start-up periods. Certain (10) . This is especially true for propionate degradation. The oxidation of this acid is strongly inhibited for a long period after a pH shock, although adaption is possible (11) . Presumably, the main reason for the inhibition at low pHs is the high toxicity of the undissociated fatty acids which become abundant below pH 6 (3). If a methanogenic population could develop at pH 6, it would undoubtedly represent a significant and beneficial feature of anaerobic treatment because this would extend the application of the process to fairly acidic wastewaters without the need for a supply of alkali. The purpose of this study was (i) to investigate whether a reactor start-up at a low pH could be accomplished and whether it would be feasible; and (ii) to confirm that induced Methanosarcina sp. prevail in the cultivated sludge under a reactor pH of 6 and that this is accompanied by an improved settleability of the sludge as compared with the start-up at normal pH (7.5).
MATERIALS AND METHODS
Medium, seed sludgea and experimental conditions. Two identical UASB reactors ( Fig. 1) , each with a volume of 2.5 liters, were used in the experiments. The cylindrical reactors were made of plexiglass, and each had a diameter of 12 cm. The lower part of the reactors was conically shaped to enhance contact of the substrate with the biomass. In the upper part of the reactors a three-phase separator was situated to capture evolved gas and to allow settling. They were fed with a medium consisting of the following (in milligrams per liter): acetic acid (1.250), propionic acid (1.000), H3BO3 (0.5), FeCl3 3H20 (20) , ZnCl2 (0.5), MnCl2 * 4H20 (5), NH4Mo7 * 4H20 (0.5), CoCl2 * 6H20 (0.5), NiCl (0.5), EDTA (5), NaSeO3 (1), AlCl3 (0.5), resazurin (5), HCl (36% solution, 10-2 mi/liter of medium), yeast extract (100), NH4Cl (60), (NH4)2SO4 (15), KH2PO4 (15) . The seed sludge was obtained from the municipal sewage sludge digester in Ede, The Netherlands. The volatile suspended solids (VSS) content of the sludge was 62% and the maximum specific activity, as determined in a batch-fed experiment, amounted to 0.12 kg of CH4 COD kg of VSS-1 day-'.
Averaged over the total reactor volume 10 g of VSS/liter was supplied to the reactors. The start-up procedure applied was identical to that described previously by de Zeeuw and Lettinga (4) . The space loading rate (in terms of kg of COD m-3 day-') was increased for 75% once the COD reduction of the system exceeded 85% of the influent concentration (2,850 mg of COD liter-').
To prevent channeling of the medium in the sludge bed during the initial stages of start-up, the reactors were mechanically stirred (30 rpm) every 30 min for 5 s. Once the methane production exceeded 1 liter per reactor volume a day, stirring was terminated because beyond that point the natural mnixing of the system appeared to be sufficient, according to our observations. One reactor, which acted as a reference, was operated at pH 7.5, whereas in the second reactor the pH was kept at approximately 6. The pH of the feed was adjusted to values of respiratioh of 6.5 and 4.5 to 6 with 6 N HCL and 6 N NaOH, respectively. The pH in the reactors was measured several timnes a day. This was done by taking a sample from the reactor fluid just above the sludge bed. The pH of the sample was measured in a small vessel containing the pH electrode (Knick mV meter; Berlin, Federal Republic of Germany). In this way the release of CO2 from the oversaturated fluid could be prevented. Methane measurement. (i) Volume. The total volumetric methane production was measured every 24 h, after the biogas (CH4-CO2 mixture) was put through a 3 N NaOH solution to scrub the C02, with a wet gas meter (Dordrecht Meterfabrieken, The Netherlands).
(ii) Concentration. The methane concentration was determined with a gas chromatograph (Packard-Becker 406) equipped with a thermal conductivity detector and a molecular sieve column, operated at 50°C. The carrier gas was argon and was used at a flow rate of 20 Table 2 . The scanning electron micrographs are shown in Fig. 3 and Fig. 4 .
Reactor run at pH 6. The results of the reactor run at pH 6 are shown in Fig. 5A and B. The reactor feed was interrupted 7 days after the start of the experiment, because no gas could be detected. However, during the feed interruption a slow but distinct increase in gas production occurred. This was noticed by observing the evolution of small gas bubbles. Therefore, at day 17, it was decided to resume the feeding of the reactor. During the experiment it appeared to be difficult to maintain the pH constant at 6 because of the low pH of the influent and the absence of a sufficient buffering capacity. This resulted in pH fluctuations and a pH drop at day 120, which caused a strong inhibition of the process. Moreover, the flow rate was doubled, despite the fact that only 85 to 90% of the acetate was converted and that propionate conversion was negligible. After day 50 a distinct attachment of biomass to the reactor wall became visible. This process of attachment and subsequent growth of the attached biomass continued until at the termination of the experiment at day 140, roughly 50% of the biomass was attached to the reactor wall and 50% was present in the sludge bed. The attached biomass was grey in color, and white, dispersed aggregates (ca. 0.5 mm) could be distinguished. The propionate conversion started after day 50, which coincided with an increase in wall growth. The sludge washed out from the reactor during the period from days 0 to 50 consisted mainly of Methanosarcina-like organisms, whereas after day 50 filamentous organisms predominated in the biomass that was present in the effluent. Granulation of the sludge became apparent 80 days after the start of the experiment. The VSS content of the reactor decreased from 10 g liter -1 at day 0 to 2.0 g liter-' at day 80, but then it gradually increased to 3.5 g liter-' at day 140. The main characteristics of the sludge after termination of the experiments are shown in Table 2 . It appeared that the biomass on the reactor wall was very loosely attached, so it was impossible to analyze it independently of the biomass of the sludge bed. The predominant organism in the cultivated sludge was a filamentous bacterium (Fig. 6) . Only a few granules consisted of Methanosarcina-like organisms (Fig.  7) . To assess the effect of pH on the acetate and propionate conversion rates of the sludge, the specific activity for acetate and propionate degradation was measured at several Fig. 8  and 9 . For acetate degradation an optimum was found at pH 6.6 to 6.8. The sludge continued to show a slight but distinct activity at pH 5. For propionate degradation one distinct optimum was found. Activity measurements at pH 6.6 indicated that the sludge might have a second optimum in this range (Fig. 9 ).
DISCUSSION
The predominance of a filamentous bacterium in the sludge cultivated at pH 6 indicates that Methanosarcina sp. cannot compete successfully for acetate with this organism. Consequently, the washout during the start-up period, as was intended originally, cannot be minimized significantly, in comparison with a start-up period at pH 7.5. The difference that was found, i.e., the difference in the lowest calculated VSS content during the experiments of 0.9 g liter-', in favor of the reactor operated at pH 6, can be explained by an improved attachment of biomass in the specitic activity (gmol CH, .gVSS 1min') reactor operated at pH 6. This phenomenon was not observed in the reactor run at pH 7.5 . During the period from days 0 to 50 there was no substantial acetoclastic activity. As a result the acetate concentration prevailing in the reactor was high (1,000 to 1,200 mg of COD liter-'), and consequently preferential growth of Methanosarcina sp. occurred. Once the acetate degradation proceeded satisfactorily, the kinetic circumstances gradually seemed to change in favor of the filamentous organisms.
Indeed, beyond day 50 a gradual shift occurred in the bacterial composition of the sludge, viz. the filamentous organisms became predominant instead of Methanosarcina sp. Apart from the kinetic advantage of the filamentous organisms, another mechanism favored the population shift. Methanosarcina sp. tend to form relatively small aggregates of less than 0.5 mm, in comparison with the sludge aggregates, in which the filamentous organisms dominate (1.0 to 1.5 mm). These small Methanosarcina sp. aggregates wash out more readily from the reactor, at comparable hydraulic retention times, than the conglomerates formed by the filamentous organisms. The Methanothrix-like organisms show a strong tendency to attach to either the reactor wall or the inert particles that originate in the inoculum. This phenomenon leads to improved retention of this type of sludge, and consequently Methanosarcina sp. is increasingly outcompeted. The low methanogenic activity from days 0 to 50 of the experiment at pH 6 indicates that both Methanosarcina sp. and the filamentous organism were present in the inoculum in relatively low numbers.
Two possible explanations for the development of the filamentous organisms at this pH level can be given: (i) the bacterium was already present in the inoculum in very low numbers and represents a Methanothrix strain with a lower pH optimum on acetate; and (ii) Methanothrix soehngenii adapted to the lower pH. van den Berg et al. (20) have described an acetate-utilizing methanogenic culture with a similar optimal pH range for the specific activity at pH 6.6 to 6.9. The predominant organism in this culture also appeared to be a filamentous bacterium (filaments of 100 to 200 ,um), which is possibly the same organisms as described in our experiments.
The results of the experiment at pH 6 show that propio- on October 28, 2017 by guest http://aem.asm.org/ Downloaded from nate degradation is possible in a UASB reactor operated at relative low pHs. This may be a result of the formation of microenvironments, in which higher pHs might exist within the granules or the biofilm attached to the reactor wall. According to the investigations of Arvin and Kristensen (1), higher pH values prevail in denitrifying biofilms compared with the pH in bulk solutions. The maximum difference measured amounted to 0.5 to 2 pH units. Arvin and Kristensen have assumed that this phenomenon is a result of lower diffusion coefficients of H+ and HCO3 ions inside the biofilm. In the case of methanogenic biofilms the existence of higher pH values inside the biofilm (granules) is fairly likely because VFAs are being degraded here as a result of the high bioactivity which necessarily causes a rise in the pH of the entrapped solution. According to Dolfing (J. Dolfing, Ph.D. thesis, Agricultural University, Wageningen, The Netherlands, in press), on the other hand, a high pH gap is not likely, because mass transfer resistance is very limited in the granules.
Another possible explanation for the propionate degradation at pH 6 may be the existence of a second group of propionate utilizers, as suggested by Heyes and Hall (6) , which is faster growing and less sensitive to pH shocks in comparison with the propionate degraders normally found in anaerobic digesters.
From our experiments it can be concluded that high rate of anaerobic digestion in a UASB reactor in which an acetatepropionate mixture is treated is possible at pH 6. In a period of 4 months of continuous operation at pH 6, a space load of almost 10 kg COD m-3 day -1 could be reached. The start-up period of a pH 6 reactor can possibly be shortened by applying a more proper seed material, i.e., a sludge adapted to low pH conditions. As reported previously by Williams (21) , methanogenic activity in some acid peatlands is found to be optimal at pH 6. For the treatment in UASB reactors of acid wastewater, complete neutralization of the influent is not a prerequisite. This fact has economic implications because fewer chemicals for neutralization are needed. The importance and the effect of different pHs in microenvironments and bulk solutions need to be investigated further.
